their time of appearance, two types of nodules can be differentiated: early and late. Late nodules are associated with the SC, whereas early nodules frequently are not. In many organisms, the number and distribution of late nodules correlate with the number and distribution of crossovers; thus, late nodules are thought to represent enzyme complexes that catalyze crossing over (Carpenter, 1988) . Early nodules, which are usually more abundant than late nodules, have been postulated to mark the sites of all strand exchange reactions. Recently, a RecA homolog was shown by immunogold Jones, 1987) , suggesting that recombination, axial assorestriction sites are also indicated.
ciation formation, and synaptic initiation are all interrelated.
expressed specifically in meiotic cells was identified In yeast, several proteins have been proposed to be (Burns et al., 1994) . The DNA immediately adjacent to components of recombination nodules based on their lacZ in strain M62 corresponds to the open reading role in recombination and their immunolocalization to frame (ORF) designated YGL249w in the course of yeast distinct foci on meiotic chromosomes (reviewed by genome sequencing (Tettelin et al., 1997) . Throughout . The Msh4 protein is required for normal the rest of this paper, YGL249w will be called ZIP2. The levels of crossing over and localizes to distinct foci on ZIP2 ORF encodes a protein of 704 amino acids with synapsed chromosomes, consistent with its proposed no significant similarity to other proteins in data bases. role as a component of late nodules (Ross-Macdonald Null alleles of ZIP2 were constructed by deleting most of and . Possible early nodule proteins inthe coding region and inserting LEU2 or URA3 (Figure 1 ). clude the RecA homologs Rad51 and Dmc1 that localize A consensus URS1 element (TGGGCGGCT), involved to distinct foci on chromosomes before synapsis is comin the regulation of meiosis-specific genes (Buckingham plete (Bishop, 1994) . More recently, Rad50p, Mre11p, et al., 1990) , is located at bases ϩ50 to ϩ58 of the and Xrs2p have been colocalized to foci in a mutant ZIP2 coding region. To examine ZIP2 gene expression, background in which DSB processing is blocked (T.
a diploid heterozygous for a zip2::lacZ fusion gene was Usui, H. Tsubouchi, and H. Ogawa, personal communiconstructed, and ␤-galactosidase assays were percation). All three proteins exist in a complex required formed to measure the production of the fusion protein for the initiation of meiotic DSBs (Cao et al., 1990; Ivanov in mitosis and at various times throughout meiosis (Figet al., 1992; Johzuka and Ogawa, 1995) . Separationure 2A). Expression of a zip1::lacZ fusion (Sym et al., of-function alleles of both RAD50 and MRE11 (rad50S, 1993) was examined in parallel. There was no detectable mre11S, and mre11-58) have been isolated that accuexpression of either fusion gene in vegetative cells, and mulate unprocessed DSBs Nairz and maximal expression was observed for both after 7.5 hr Tsubouchi and Ogawa, 1998) , indicating in sporulation medium. that both Rad50 and Mre11 are also required for the To correlate the timing of ZIP2 synthesis with other exonucleolytic degradation of DSBs. Consistent with events in meiosis, cells from each time point were examtheir roles in the formation and processing of DSBs, ined for chromosome segregation by staining with 4Ј,6Ј-Rad50p and Mre11p are homologous to the E. coli SbcC diamidino-2-phenyl-indole (DAPI), a DNA-binding dye and SbcD proteins, which form a complex that pos-( Figure 2B ). ␤-galactosidase activity from the ZIP2 fusesses single-strand endonuclease and double-strand sion gene was detected before binucleate cells were exonuclease activities (Sharples and Leach, 1995) . Thus, observed, indicating that ZIP2 gene expression prethe properties of the Rad50p/Mre11p/Xrs2p complex cedes the meiosis I division. ZIP2 thus belongs to the are consistent with those expected of early recombinaearly class of meiotic genes (Mitchell, 1994) . tion nodules.
In this paper, we describe a novel yeast protein, Zip2, zip2 Is Defective in Chromosome Synapsis that is involved in the initiation of chromosome synapsis.
but Proficient in Homolog Pairing Zip2p forms foci on meiotic chromosomes in a DSBTo examine the effect of a zip2 mutation on chromodependent manner. We demonstrate that these foci are some synapsis, meiotic chromosomes were surface located at axial associations and also to probable sites spread, stained with silver nitrate, and examined in an of DSB repair. Our data suggest that SC formation initielectron microscope. In wild type, homologs are fully ates at the sites of meiotic recombination events.
synapsed along their entire lengths during the pachytene stage of meiotic prophase ( Figure 3A ). In contrast, Results the zip2 mutant ( Figure 3B ) displays a phenotype similar to that described previously for the zip1 mutant ( Figure  Isolation of elements is more variable and on average much greater than the distance between lateral elements in mature SCs. To determine whether the pairs of axial elements observed in the zip2 mutant represent pairs of homologs, FISH was used to compare the extent of homologous pairing. Surface-spread chromosomes from wild type or zip2 were subjected to FISH analysis with probes signals for a given probe was less than 0.7 m (Weiner and Kleckner, 1994) . Homologs were paired in approxiZip1p staining is not observed in the zip2 mutant (Figmately 90% of nuclei from both wild type and mutant ures 4B and 5Aii). At early times, very faint spots of (Table 1) . Thus, the pairs of axial elements observed in Zip1p staining can be seen; during the course of meiosis, the zip2 mutant correspond to homologous chromosomes, as shown previously for zip1 (Nag et al., 1995; Rockmill et al., 1995) . To examine the pattern of Zip2p localization during the early stages of meiosis, spreads were prepared from cells carrying the Zip2p-GFP fusion at 9-11 hr after induction of meiosis when most nuclei contain chromosomes that are not yet fully synapsed. The spreads were stained with both anti-Zip1p and anti-GFP antibodies. The pattern of Zip1p staining indicates the extent of chromosome synapsis. Zip2p staining is evident in all nuclei that stain with Zip1p, regardless of the extent of Zip1p localization. Strikingly, when Zip1p staining is punctate, the Zip1p foci contain Zip2p as well ( Figure  5Ci-5Ciii) . Thus, there is extensive colocalization of Zip1p and Zip2p when Zip1p staining is incomplete. Both Zip1p and Zip2p foci are very faint in nuclei that lack substantial linear stretches of Zip1p, and both increase in intensity as longer stretches of Zip1p are formed. In contrast to the obligatory presence of Zip2p on chromosome segments that stain with Zip1p, Zip2p foci do not always contain Zip1p.
Although Zip1p requires Zip2p for proper localization, Zip2p localization does not depend on Zip1p. Zip2p foci are still present along chromosomes in the zip1 mutant ( Figure 6Ai ). Zip2p foci are present at axial associations. To this end, meiotic chromosomes from a zip1 mutant were spread and stained with antibodies to both Zip2p and Red1p these spots increase in intensity, but they do not elon- (Smith and Roeder, 1997) . Red1p localizes continuously gate. Rather than localizing to chromosomes, most of along the lengths of axial elements in a zip1 mutant; the Zip1 protein in zip2 cells is assembled into a complex Red1p staining therefore allows axial associations to devoid of chromatin (Figure 5Aii ), similar to the polycombe visualized by fluorescence microscopy (Smith and plexes observed when Zip1p is overproduced (Sym and Roeder, 1997) . . Thus, the defect in chromosome synapNot all axial associations can be unambiguously idensis in the zip2 mutant can be attributed to a failure of tified in spread nuclei ( Figure 6Ai ). Thus, the number the SC central region to assemble between paired chroof axial associations with overlapping Zip2p foci was mosomes.
Zip2p Localizes to Axial Associations
quantified among individual chromosome pairs containing well-defined axial associations as determined by Red1p staining (Figures 6Aii and 6Aiii ). Based on this Zip2p Localizes to Meiotic Chromosomes analysis, 91% (172/189) of axial associations contain a To localize the Zip2 protein, two approaches were taken.
Zip2p focus, indicating that Zip2p foci are indeed loFirst, antibodies against Zip2p were generated and used cated at axial associations. In addition, 75% (172/230) to localize Zip2p directly. Second, a green fluorescent of all Zip2p foci colocalize with axial associations. Some protein (GFP) tag was inserted at the carboxyl terminus or all of the remaining Zip2p foci could correspond to of Zip2p, and anti-GFP antibodies were used to localize axial associations that were disrupted during the spreadthe Zip2-GFP fusion protein. The ZIP2-GFP fusion gene ing procedure. is fully functional (data not shown). The two methods of localizing Zip2p yielded identical results.
Meiotic spreads from a wild-type strain were prepared Localization of Zip2p Requires DSBs, but Not Homologs and incubated with mouse anti-Zip1p antibodies and rabbit anti-Zip2p antibodies. As expected, anti-Zip1p
The spo11 mutant fails to initiate meiotic DSBs and does not make SC. To determine if Zip2p localization depends antibodies localized continuously along the length of synapsed chromosomes during pachytene (Figure 5Bii) . on the initiation of meiotic recombination, meiotic spreads from the spo11 mutant were stained with anti-Zip2p In contrast, Zip2p localized to a number of discrete foci on chromosomes (Figure 5Biii ). There are approximately antibodies. Zip2p fails to localize to chromosomes in the spo11 strain. Instead, both Zip1p and Zip2p localize a rad50S background, Zip2p colocalizes with proteins involved in DSB formation and repair. to polycomplexes, with Zip2p capping the ends of these complexes ( Figure 6B ). Thus, both Zip2p and Zip1p fail to localize to chromosomes in a mutant that does not Spore Viability and Recombination in zip2 form meiosis-specific DSBs.
Like zip1, the zip2 mutant does not sporulate in certain Haploid strains of certain genotypes can be induced strain backgrounds (e.g., BR2495 [Rockmill and Roeder, to undergo meiosis. Previous studies have shown that 1990]). However, in some strain backgrounds (e.g., SK1 substantial amounts of synapsis occur in haploids (Loidl [Kane and Roth, 1974] and BR2171-7B [Rockmill and et al., 1991; Rockmill and Roeder, 1991) and DSBs are ) the zip2 mutant sporulates, but sporulaformed at wild-type levels (de Massy et al., 1994; Gil- tion is delayed and less efficient than in wild type (data bertson and Stahl, 1994). Zip2p localizes to foci on meinot shown). Spore viability in the zip2 mutant (PC951) otic chromosomes from a haploid strain ( Figure 6C ), is 53% of wild type (PC952). Spore inviability shows a indicating that the presence of homologs is not necesnonrandom distribution, with most tetrads containing sary for Zip2p localization.
zero (28%), two (26%), or four (26%) viable spores. This pattern is indicative of meiosis I nondisjunction of homologous chromosomes (e.g., Sym and Roeder, 1994;
Zip2p Colocalizes with Proteins Involved in DSB Formation and Repair
Chua and . Commitment to meiotic gene conversion (intragenic As noted above, the Rad50, Mre11, and Xrs2 proteins colocalize and accumulate as intensely staining foci on recombination) was measured in return-to-growth experiments in which sporulating cells were returned to meiotic chromosomes in a rad50S background. When spreads from a rad50S diploid were stained with both growth media after the induction of meiotic recombination. Gene conversion occurs at wild-type or slightly anti-Zip2p and anti-Mre11p antibodies, Zip2p was found to colocalize extensively with Mre11p ( Figure 6D ) and, higher than wild-type levels in the zip2 mutant. The kinetics of commitment to gene conversion are similar to by inference, with Rad50p and Xrs2p as well. Thus, in wild type (Figure 7) . Return-to-growth assays were also Discussion used to measure meiotic crossing over (intergenic recombination). Homozygosis of seven recessive or coZip2p Is Required for the Initiation of Meiotic Chromosome Synapsis dominant markers, present in the heterozygous condition in the parental diploids, provided a measure of
In the zip2 mutant, chromosomes are homologously paired but are not held together by SC. Electron microcrossing over between each marker and its centromere (see Experimental Procedures). Crossing over was rescopic analysis demonstrates that the distances between axial elements are variable and, in general, much duced on average to 76% of the wild-type level (with a range of 53% to 83%).
greater than the constant distance between lateral elements in wild-type SCs. This phenotype is very similar Meiotic crossing over was also measured among the meiotic products of wild-type (PC794) and zip2 (PC793) to that of the zip1 mutant, which lacks the central region of the SC. When zip2 nuclei are stained with antibodies strains. The map distance for the THR1-SPO13 interval was reduced from 18.5 cM in wild type to 7.3 cM in against the Zip1 protein, minimal staining is observed on chromosomes, and the bulk of the Zip1 protein is zip2. For the HIS4-MAT interval, the map distance was reduced from 48.9 cM in wild type to 13.1 cM in zip2.
contained in polycomplexes. Chromosomes in the zip2
Is Zip2p a Component of Recombination Nodules?
The punctate localization pattern of Zip2p and its persistence on pachytene chromosomes raises the possibility that Zip2p is physically related to late recombination nodules (Carpenter, 1988) . From the analysis of serial sections of yeast pachytene nuclei, Byers and Goetsch (1975) calculated that there are about 48 SC-associated nodules in yeast. Thus, there is good correspondence between the number of recombination nodules observed by electron microscopy and the number of sites of Zip2p localization. In some organisms, early nodules are frequently observed at axial associations (Rasmussen and Holm, 1978; Stack and Anderson, 1986; Albini and Jones, 1987) and are also associated with short segments of SC during zygotene (Moens, 1969; Zickler et al., 1992) . Hence, early nodules have properties similar to the Zip2 protein, which localizes to axial associations and is always present in short segments of SC in zygotene nuclei. Thus, Zip2p could be a component of a subset of early nodules that serve as precursors to late nodules.
The zip2 Mutation Reduces Crossing-Over
Genetic analysis indicates that a zip2 null mutant undergoes a wild-type level of gene conversion but a reduced level of crossing over. In nine intervals examined, crossing over was decreased on average to 66% of the wildtype level. These results suggest that the zip2 mutant initiates the wild-type number of meiotic recombination events, but fewer recombination intermediates are resolved in favor of crossing over. A similar phenotype has been demonstrated for the zip1 mutant (Sym and Storlazzi et al., 1996) . Thus, the zip2 de- tion, and the SC provides a context that favors the resolution of recombination intermediates in the direction of crossing over (Sym and Roeder, 1994; ; mutant are therefore not synapsed. However, chromoTung and Roeder, 1998). However, it is possible that some pairing is normal as determined by FISH. Thus, Zip1p is more directly involved in recombination as proZip2p is not required for homolog pairing, but it is essenposed by Storlazzi et al. (1996) . tial for chromosome synapsis.
Several observations indicate that Zip2p acts at sites Does Chromosome Synapsis Initiate at DSB Sites? of synapsis initiation and serves to trigger SC assembly.
In the spo11 mutant, DSBs are not formed (Cao et al., First, there is extensive colocalization of Zip1p and 1990) and Zip2p fails to localize to chromosomes. InZip2p in spreads of chromosomes that have just initiated stead, both Zip1p and Zip2p associate into a polycomsynapsis. Zip2p is always observed on short segments plex, suggesting that the initiation of recombination is of SC, as defined by Zip1p staining, but not vice versa.
required for the initiation of synapsis. Second, Zip2p foci can form in the absence of Zip1p, Evidence that synapsis starts at the sites of meiotic whereas Zip1p assembly onto meiotic chromosomes DSBs is provided by the observation that Zip2p colocalizes depends on Zip2p. These results imply that Zip2p must with Mre11p, and therefore presumably with Rad50p be present on chromosomes before Zip1p can stably and Xrs2p, in a rad50S strain. Mre11p, Rad50p, and localize, as expected of a protein involved in the initiaXrs2p are thought to act in a complex that promotes tion of synapsis. Third, Zip2p localizes to foci, and these and processes DSBs ; Ivanov et al., foci correspond in number and location to axial associa-1992; Johzuka and Ogawa, 1995; Nairz and Klein, 1997; tions, which are presumed to be sites of synaptic initia- Tsubouchi and Ogawa, 1998) . In a rad50S background, tion . Based on these arguments, the complex is presumed to accumulate at sites of unwe postulate that Zip2p acts primarily as an initiator of processed DSBs (T. Usui and H. Ogawa, personal comchromosome synapsis by nucleating the polymerization munication). Thus, colocalization of Zip2p with this comof Zip1p and other components of the SC central region onto chromosomes.
plex suggests that chromosome synapsis initiates at Strains PC756b and PC757b are isogenic to MY71 (Sym et al., 1993) . PC948 and PC949 were constructed in a congenic SK1 background (Sym and Roeder, 1994) . PC712, PC720, and BR3001 are isogenic with BR1919-9B (Rockmill and Roeder, 1990) . PC952, PC951, PC947, PC963, and PC965 are isogenic to BR2495 (Rockmill and Roeder, 1990) . PC350 is isogenic to BR2171-7B (Chua and Roeder, 1995) . PC794 and PC793 were made by crossing strains isogenic to a haploid derivative of BR2171-7B (Chua and to isogenic derivatives of BR1919-9B. All strains except PC948 and PC949 are closely related to each other and to BR2495 (e.g., BR1919-9B is one of the haploid parents of BR2495).
DSB sites. However, it should be noted that the number processed to expose single-stranded tails, but they are not converted into joint molecules (Bishop et al., 1992 ; of Mre11p-containing complexes ‫)05ف(‬ in the rad50S background is much lower than the number of recombiSchwacha and Kleckner, 1997). Zip2p also localizes in the dmc1 mutant (data not shown), and substantial synnation events in wild-type yeast ‫.)002ف(‬ Perhaps only a fraction of DSBs are stably associated with Mre11p in apsis occurs . We explain these observations by supposing that a rad50S background, or perhaps DSBs become clustered such that each Mre11p-containing complex conZip2p binds a protein(s) present in early recombination nodules where the initial steps of recombination are tains more than one DSB.
The yeast RecA homologs Rad51p and Dmc1p are carried out. We suggest that the requirements for formation of Zip2p foci are normally met upon formation of required to convert resected DSBs into double Holliday junctions (Schwacha and Kleckner, 1997) and also to DSBs; thus, Zip2p foci are formed in rad50S mutants establish axial associations . This but not in spo11 mutants. Once Zip2p is bound, synapsis observation, taken together with our data that Zip2p
initiates. In a wild-type diploid, the vast majority of meiotic localizes to axial associations, further supports the idea DSBs engage in interhomolog interactions (Schwacha and that chromosome synapsis initiates at sites of recombiKleckner, 1994) . Therefore, binding of Zip2p to a subset national repair.
of these sites of recombination ensures that synapsis always takes place between homologs. Recently, Nairz and Klein (1997) demonstrated that The Role of Recombination the the mre11S mutant undergoes limited chromosome in Chromosome Synapsis synapsis that is mostly nonhomologous. mre11S is unThe ability to complete recombination is not needed for able to process DSBs to form single-stranded tails. The the formation of Zip2p foci or the initiation of synapsis.
authors suggest that nonhomologous synapsis might In the rad50S mutant, DSBs are formed, but not proalso occur in other mutants (i.e., rad50S and com1/sae2) cessed to expose single-stranded tails (Alani et al., that exhibit this same block in DSB processing (Cao et 1990); nevertheless, Zip2p foci form and synapsis initiates loids. Previous studies have shown that wild-type hap-A Zip2p-glutathione S-transferase expression plasmid (pCB264) containing the C-terminal half of the ZIP2 coding region was made loids as well as dmc1 and rad51 diploids fail to form in two steps. First, the ‫6ف‬ kb SpeI fragment containing ZIP2 was axial associations (in a zip1 background), though they cloned into the SpeI site of Bluescript SK(ϩ), oriented such that do make SC (in a ZIP1 background) (Rockmill et al., ZIP2 is transcribed in the same direction as that specified by the 1995). Thus, the synapsis that occurs in haploids may T7 promoter. Second, the ‫5.2ف‬ kb StuI-EcoRV fragment from this be mechanistically related to the synapsis that occurs plasmid was ligated into the filled-in XbaI site of pGEX-KG (Guan in dmc1/rad51 mutants. Unlike haploids, however, synand Dixon, 1991) .
A zip2::lacZ fusion was obtained by subjecting pCB229 to apsis in these mutants is largely or completely homolotransposon mutagenesis (Seifert et al., 1986) . pCB257 contains a gous , perhaps because the single- is adjacent to the 5Ј end of GFP. Finally, a PCR product containing part of ZIP2 (amplified with an upstream primer spanning the StuI site in the ZIP2 ORF and a downstream primer designed to introduce Experimental Procedures a NheI site immediately before the ZIP2 stop codon) was used to replace the sequences between the StuI site in the ZIP2 gene and Genetic Procedures and Analysis the NheI site located immediately after the start codon in GFP. The Yeast manipulations were performed and media were prepared acresulting plasmid, pCB489, contains ZIP2 fused in frame to supercording to Sherman et al. (1986) . All yeast transformants were veriglow GFP with the ADH1 transcription terminator at the 3Ј end; fied by Southern blot analysis. Genotypes of yeast strains are listed the fusion gene is contained within the framework of the URA3-in Table 2. containing integrating vector pRS306. pCB489 was cut with EcoRV Intragenic recombination (Figure 7) was measured according to prior to transformation, resulting in integration of the ZIP2-GFP gene Sym et al. (1993) . Intergenic recombination was measured by disat URA3. secting dyads from spo13 strains; map distances were calculated pMB76 and pMB97 contain the zip1::lacZ fusion and zip1::LEU2 according to Rockmill and Roeder (1990) . Intergenic recombination deletion, respectively (Sym et al., 1993) . The tam1::URA3, mer2:: was also measured in return-to-growth experiments using isogenic ADE2, and rad50-K181 mutations were introduced by transformawild-type (PC963) and zip2 (PC965) strains. The homozygosis of tion with pCB249 (Chua and , pME58 (Engebrecht markers leading to auxotrophy, mating ability, drug resistance, and/ et al., 1990), and pNKY349 , respectively. The or drug sensitivity was scored in histidine prototrophic recombinants spo11::kanMX4 mutation consisting of the SPO11 gene interrupted derived from diploids heterozygous at seven loci (MATa/MAT␣, by the kanMX4 marker (Wach et al., 1994) was introduced by LYS2/lys2, CAN1/can1, MER2/mer2:: based gene disruption. ADE2,and TAM1/tam1::URA3). To avoid scoring colonies in which recessive markers were uncovered due to haploidization, only cycloheximide-sensitive colonies that gave rise to resistant papilli on FISH Analysis cycloheximide-containing medium were counted.
Biotin-labeled FISH probes were made by nick translation using the BioNick Labeling System (GIBCO BRL, Grand Island, NY). The digoxigenin probes were made using digoxigenin labeling mix Plasmids and Disruptions A ‫6ف‬ kb SpeI fragment containing ZIP2 from lambda clone 6427 (Boehringer Mannheim, Indianapolis, MN) and the enzyme mix from the BioNick Labeling System. Probes were run through a Sephadex (Olson et al., 1986) was subcloned into the XbaI site in pHSS6 (Seifert et al., 1986) to generate pCB229. To make the zip2::URA3 deletion, G-50 column, ethanol precipitated, and then resuspended in 50% formamide and 10% dextran sulfate in 1ϫ SSC (0.15 M NaCl, 0.015 the 1.6 kb KpnI-HpaI fragment containing URA3 and part of the polylinker from YEp352 (Hill et al., 1986) was inserted between the KpnI M sodium citrate [pH 7.0] ). The chromosome III probe consisted of plasmid 12B (Newlon et al., 1991) , which contains 25 kb of chromoand EcoRV sites of Bluescript SK(ϩ) (Stratagene). Then, the KpnISpeI fragment containing URA3 and part of the polylinker from this some III DNA including the CRY1 gene. The chromosome V probe consists of two overlapping clones, pAB83 and pAB25 (McKnight plasmid was used to replace the KpnI-XbaI fragment of ZIP2 in pCB229. The resulting plasmid, pCB289, was targeted for substitu et al., 1981) , that contain about 15 kb of genomic DNA including the CYC7 and RAD23 genes; pAB83 and pAB25 were cut with HhaI tion by cutting with NotI. The zip2::LEU2 deletion was made in three steps. First, a ‫3.2ف‬ kb fragment containing DNA from the 5Ј region and ethanol precipitated before nick translation.
